The dry sliding wear behavior of heat-treated super duplex stainless steel AISI 2507 was examined by taking pin-on-disc type of wear-test rig. Independent parameters, namely applied load, sliding distance, and sliding speed, influence mainly the wear rate of super duplex stainless steel. The said material was heat treated to a temperature of 850°C for 1 hour followed by water quenching. The heat treatment was carried out to precipitate the secondary sigma phase formation. Experiments were conducted to study the influence of independent parameters set at three factor levels using the L 27 orthogonal array of the Taguchi experimental design on the wear rate. Statistical significance of both individual and combined factor effects was determined for specific wear rate. Surface plots were drawn to explain the behavior of independent variables on the measured wear rate. Statistically, the models were validated using the analysis of variance test. Multiple non-linear regression equations were derived for wear rate expressed as non-linear functions of independent variables. Further, the prediction accuracy of the developed regression equation was tested with the actual experiments. The independent parameters responsible for the desired minimum wear rate were determined by using the desirability function approach. The worn-out surface characteristics obtained for the minimum wear rate was examined using the scanning electron microscope. The desired smooth surface was obtained for the determined optimal condition by desirability function approach.
Introduction
Duplex Stainless Steel (DSS) is characterized by a dual-phase microstructure, comprising almost equal proportions of austenite and ferrite. High mechanical strength combined with better corrosion resistance in aggressive environments has allowed DSS to be used in chemical, petrochemical, oil, nuclear and marine industries [1] [2] [3] [4] [5] . The DSS parts also find major applications in paper industry, automobile, aerospace industries [6] . The pumps, valves, and bearings have relative sliding motion (often with selfmated contacts) poses low abrasive and adhesive (galling and seizure) wear resistance [7] [8] . In many mechanical applications such as couplings, flanges, bearings, valves, and gears are required to slide against each other in dry conditions at velocity less than 1 m/s [9] . The super duplex cast steel wear behaviour was correlated with the kinetics of sigma phase precipitation by brodziak-hyska et al. [2] . The results shown, sigma-phase precipitated between the time intervals of 30-180 min at a temperature of 800 o C. The σ phase is detected as the secondary phases at temperature of 850 o C [3] . DSS precipitates secondary phases, when subjected to heat treatment between 550 º C and 1000 º C and the secondary phases that were precipitated namely chi (χ), secondary austenite (χ 2 ), sigma (σ), carbides and nitrides [10] [11] [12] [13] [14] [15] [16] . The precipitation of sigma phases are generated when exposed to a temperature interval between 700 and 1200 o C. The σ-phase considered being the most influential generated secondary phases as it directly affects the toughness and corrosion behaviour. The inter-metallic R, П and chi (χ) phase disappears at temperature above 800 o C [10] . The corrosion and erosion behaviour of two cast steels subjected to two different heat treatment temperature and time, which led to the precipitation of σ phase [14] . The volume fractions of carbides, austenite and ferrite predicted through Thermo-Calc software showed consistent results with experimental fractions of the phases obtained in alloy structure [15] . Many research works have reported the effects of heat treatment on the impact of strength, corrosion and microstructure features of DSS [11, 17] . Pressurized fluid flow pipes, tubes, pumps, transmitters, etc. are made of super DSS that wears out quickly. However, their behavior has been neglected in most of the studies. Precipitation of the secondary phase of sigma has been reported to result in a rapid reduction of toughness [18] . The concentration of the phase at high temperature and holding time has substantially reduced the ductility with improved hardness, modulus of elasticity, yield and tensile strength. Authors [19] [20] observed a remarkable improvement in tensile strength with a high concentration of secondary phases [19] [20] , which was attributed either to the precipitation phenomenon or increased ferrite content. Plasma coating, laser surface re-melting, and laser melt injection processes have been reported to improve the wear resistance property of DSS [21] [22] . However, small improvements in wear resistance are expected to compensate the need for high cost equipment and its processing. Studies of thermal treatment of wear were conducted for the DSS [23] . The results of these studies showed that the wear resistance increased as a result of the hardness formed by the precipitation of the sigma phase, which enhanced the resistance against the initiated stresses caused by the action of the pin on the surface. The key observations made from the above literature are listed as follows: 1.
The trial and error method of conventional experiments was conducted to enhance the wear resistance property that resulted in local optimal solutions and required conduction of huge experiments.
2.
The practical guidelines suggested by many authors to enhance the wear resistance property might not provide detailed information of a process.
3.
Significance of individual and interaction factor effects were not statistically estimated.
4.
Surface plots graphically explore the wear rate behavior with the independent parameters when they are varied between their respective levels. However, not much work has been reported.
5.
Foundry personnel can predict the wear rate for the known set of independent parameters without performing an experiment. However, no studies have conducted a multiple non linear regression to derive equations to predict this process.
6.
The independent variables responsible for the desired minimum wear rate for practical utility in industries is not yet determined clearly. The present work investigates the wear behavior of super DSS AISI2507 subjected to heat treatment temperature at 850 C for 1 hour followed by water quenching. Further, the above observations were addressed to determine the minimum wear rate after conducting a systematic study to provide a complete insight of detailed information of a process.
Materials and Experimental Procedures
Experiments were conducted on industrially manufactured and cast super DSS AISI 2507, also referred to as EN 1.4410. The chemical composition of the material was carried on an optical emission spectroscope and its composition is shown in Table 1 . The geometrical dimension of the as-cast received material is 10 mm in diameter. The specimen for heat treatment and wear test were prepared as per the ASTM G99A as shown in Fig.1a . The heat treatment conditions were selected based on research work conducted by many authors earlier [11] [12] [13] . The specimens were subjected to a solution heat treatment at 1050 °C for 2 hours followed by water quenching to ensure recrystallization of both the phases and the formation of balanced ferrite and austenite microstructure. Further, the heat treatment was carried at a specific temperature of 850 °C for 1 hour followed by water quenching to induce the sigma phase. The optical microscope (ZEISS) and the Scanning Electron Microscope (SEM) (Model: Hitachi Model S-3400N) were used to study the microstructure of the solution-treated and heat-treated specimens. The evaluation of wear characteristics of the heat-treated specimens was carried out by using the dry sliding wear-test rig (Model: DUCOM TR-20) as shown in Fig.1b . The prepared specimens were polished and cleaned with the standard metallographic techniques before conducting the wear test. The specimen weights were measured before and after the wear tests by using a digital weighing balance with an accuracy of 0.1 mg. The microstructures of solution-treated specimen are shown in Fig.2 . The results showed that the strips of austenitic phase and ferritic phase were distributed alternately and approximately in equal proportions during the solution treatment process. The volume fraction of different phase analysis was conducted by using the image analyzer software available in optical microscope according to the ASTM 562 standards. The dual-phase ferrite (δ) and austenite (γ) were observed in the absence of secondary phases. The microstructure of heat-treated specimen at 850 °C is shown in Fig. 3 . The heat treatment results in the precipitation of the secondary sigma phase. The sigma () phase is precipitated in high Cr-concentrated area of (δ) -ferrite and directly forms (δ) -ferrite particles. 
Experimental modeling and optimization
The Taguchi method is widely used to collect the experimental input-output data, to analyze the influence of input variable on measured output, which is an unknown function of these process variables, and design high quality systems [24, 25] . The Taguchi method is applied successfully to solve the wear rate behavior of metal matrix composites [26] [27] [28] [29] [30] . Response surface methodology is used to study the dry sliding behavior of Al-7075 and Al-7075 hybrid composites [31] . Further, desirability function approach was used to determine minimum wear rate and corresponding input variables [31] . Experiments were conducted according to the standard matrices of L 27 orthogonal array of the Taguchi method. The input parameters and their corresponding levels influence the specific wear rate and were selected after conducting some pilot experiments and referring past literature [26] [27] [28] [29] [30] . The input parameters and the corresponding levels were used for the present work as shown in Table 2 . The wear rate was measured for each experimental condition of L 27 orthogonal array. The collected input-output data were analyzed statistically for input factor significance, by surface plots to establish multiple non-linear regression using response surface methodology (RSM). Statistical significance of the wear rate model was validated by using analysis of variance (ANOVA). The wear rate prediction for the known set of experimental conditions was tested. Further, the set of input parameters responsible for minimum wear rate was determined by using the desirability function approach. 
Wear test
The pin was pressed against the counterpart of EN32 steel disc having a hardness of 63 HRC to study the wear rate behavior. The wear tests were conducted according to the ASTM G99 standards for each experimental condition of L 27 orthogonal array. The collected experimental input-output data is shown in Table 3 . The pin specimens (heat treated at 850C for 1 hour) of 10 mm diameter and 30 mm height were made to slide over the counterpart disc. Prior to wear tests, the specimen end face and the counterpart mating surface was polished to an approximate surface roughness value corresponding to 1 µm. This process helped to attain uniform contact between the pin and the counterpart. For each experimental trial, the pin and the disc were cleaned with acetone, dried and the corresponding pin weights were measured using digital weighing balance with an accuracy of 0.1 mg.
Results and Discussion
The input-output data were collected according to the Taguchi matrices of L 27 orthogonal array to investigate the influence of input parameters on the wear rate by using surface plots and significance tests using RSM. The model developed for the wear rate was evaluated using ANOVA. The wear rate prediction accuracy was obtained with experiment values using the derived response equation. Thus, the optimum wear rate responsible for the set of input conditions was determined.
Statistical Analysis
The output function value is converted to signal to noise (S/N) ratio and is treated as a quality characteristic. Smaller values were considered to possess better quality characteristics required for enhanced properties of wear rate objective function as per Eq. 1.
The S/N ratio value is determined to estimate the main factorial effects on the specific wear rate. Minitab software was used to perform computations and related statistical analysis. The delta value determined for all input factors, based on the computed S/N ratio, is presented in Table 4 . Fig. 4 graphically show the main factorial effects on the measured specific wear rate. The main effect plots were drawn by taking the average output value of an independent parameter set at their respective levels. This refers to the mean response of the factors that varies over the levels. High S/N ratio values always result in producing optimum quality with minimum variance. Fig. 4 shows the main effect values of S/N ratio for wear rate with independent parameters varied between their respective levels. The desired minimum wear rate can be obtained with values of parameter at their respective levels determined as high S/N ratio. Fig. 4 show clearly that the factor combination, set at level 1 of load and sliding distance and at level 3 of sliding velocity, may produce the minimum specific wear rate. This concludes that the minimum specific wear rate lies at low values of sliding distance and applied load and at high values of sliding velocity.
Surface Plot
Surface plot helps to explain the wear rate behavior with change in independent variables when varied between their respective levels. Surface plots are analyzed by varying two input variables simultaneously, after maintaining the rest at fixed middle values.
The following key observations were drawn from the surface plots of wear rate:
1.
The wear rate linearly increases with the increase in sliding distance and sliding velocity as shown in Fig.5 (a-b) .The applied load contributes more when compared to sliding distance and sliding velocity. 2. Fig.5(c) shows the wear rate behavior with sliding distance and sliding velocity. The resulting surface plot is seen to be almost flat indicating that the sliding distance and the sliding velocity variation between their respective levels does not contribute much towards the wear rate. The resulting surface plots were almost linear in nature and were consistently in good agreement with the obtained results of significance tests. As the load increases, the penetration ability of the fractured surface results in distinct cut marks with spalling areas that help to remove more material due to the action of pins on the surface [27] [28] . Moreover, particles that were worn out and fractured due to the friction left on the contour face of the disc have greater chances of getting locked between the mating pairs, resulting in abrasion and inefficiency to decrease with an increase in sliding distance and sliding velocity [27] . 
Analysis of Variance
ANOVA test was conducted to study the statistical significance of individual, quadratic and interactive effects of the factors for specific wear rate. The significant and insignificant terms were determined for the preset 95% confidence level as shown in Table 5 . All linear (A, B, C) parameters were found statistically significant for specific wear rate. However, their corresponding square (AA, BB and CC) and interaction (AB, AC and BC) terms were determined insignificant, as the corresponding p-values were found less than 0.05. The applied load followed by sliding velocity and sliding distance showed the highest percent of contribution among all full quadratic terms (refer Table 6 ). The model validated statistically with good multiple correlation coefficients of 0.885. Thereby, the developed models can be used effectively to test the prediction accuracy of wear rate with experimental cases. 
Multiple non-linear regression analysis
The multiple non-linear regression equation expressed wear rate as a second order polynomial function with input variables as shown in Eq. 2. The prediction accuracy of the derived response equation was tested with the experimental values of specific wear rate. The results showed the wear rate varies both on positive and negative sides in the ranges between 9.01% and 13.25% and the average absolute deviation in prediction was found to be equal to 6.89%. Further, the model was also tested for prediction accuracy after removing the insignificant terms from the derived response equation as shown in Eq. 3. 
The prediction accuracy was also tested for the same experimental conditions by only considering the significant parameters in the derived response equation as shown in Eq. 3. The deviation in prediction was found to vary on both maximum positive and negative sides in the ranges between 13.86% and 22.0%, and the mean absolute percent deviation was found to be equal to 7.19.
This indicates removing non-significant terms that produce large percent deviations from the zero reference line and reduce the prediction accuracy in terms of average absolute percent. Thereby, insignificant terms were not to be removed from the response equation as it reduces the prediction precision (Table 7) . The residuals were distributed normally along the straight line for wear rate as shown in the probability plot in Fig. 6 . The effects were negligible and were normally distributed, with a mean zero and a variance σ 2 . Normal probability plot is a graphical technique that uses the basic concept of central limit theorem. The points close to the fitted line, especially towards the middle group, represent the estimated factors which do not show major significance on output variable. Fig. 6 . Normal probability plot for specific wear rate
Optimization
The pressurized fluid flow through pipes, tubes, pumps, transmitters, etc. require better wear resistance characteristics. The input parameters that yield the desired minimum wear rate are of industrial relevance. Desirability function approach was used to achieve the desired wear resistance. In DFA, the objective function value is converted to desirability function value, which usually varies in the ranges between 0 and 1 (0 ≤ d i ≤ 1). Zero value representing the objective function is completely undesirable, whereas one denoting the ideal is a desirable value. The desirability value for the minimization type of objective function is determined as shown in Eq. 4.
Where, WR max is the maximum value of specific wear rate, and WR min is the minimum value of specific wear rate.
The desired optimized combination of input variables determined for the minimum wear rate using the desirability function approach is shown in Table 8 . The desirability function approach determines the minimum wear rate with the highest desirability value equal to 1. It is important to note that the desired minimum wear rate was obtained using the desirability function approach as it is one of the combinations of 27 different experiments conducted. The microstructure characterization, by using the SEM on the worn-out surface of AISI 2507 super DSS, is obtained for the desired minimum wear rate as shown in Table 8 . The applied load on the hard roughness of the parent metal tends to plough the surface due to the action of pins resulting in a smooth surface with mild grooves on the worn-out material as shown in Fig. 7 . Increase in load and sliding distance causes severe plastic deformation, which in turn leads to parallel deep groove formation with the debris of wear spread all over the worn-out surface as shown in Fig. 7 . High stress concentration during sliding at high load tends to initiate cracks which penetrate in parallel to the sliding direction. Thus, the debris formed with action of pin surface creates parallel and deeper ploughs as shown in Fig. 7 . Similar trend observations were found in earlier literature [15] [16] [17] . 
Conclusions
Experiments were conducted according to the design matrices of L 27 orthogonal array of the Taguchi method. Surface plots, ANOVA, significance tests, and mathematical input-output relationships were derived using RSM. The developed wear rate equations were tested for prediction accuracy with 27 experimental conditions. Further, the optimum input parameters responsible for the desired minimum wear rate were performed using the desirability function approach. The following key observations were made from the obtained wear rate results of heat-treated super DSS:
1.
The desired secondary sigma phase was obtained for the specimen heat treated at 1050 C for 2 hours followed by water quenching, and further heat treated at 850 C for 1 hour.
2.
All linear factors were statistically significant for the wear rate. However, the applied load was found to have a major significance, followed by sliding velocity and sliding distance. All factors (load, sliding speed and sliding distance) were found to have a linear relationship with the wear rate, as their corresponding p-values of square terms were greater than 0.05. The interaction factors were not found significant due to the strong linear relationship among all independent parameters.
3.
The statistical significance test results were in good agreement with the obtained surface plots. The developed wear rate model is statistically validated using ANOVA with good multiple correlation coefficient.
4.
The developed model predicted the specific wear rate with an average absolute percent deviation of 6.89. The noncontributing terms should not be removed from the derived predictive equation as it reduces the prediction accuracy with maximum positive and negative deviations.
5.
The desired minimum wear rate obtained from the optimized input conditions of the desirability function approach resulted in an uniformly smooth surface with mild grooves.
6.
The developed model is more useful for foundry personnel, industrial applications (pump valves, tubes, pipes and transmitters) and any novice user to obtain the minimum wear rate without conducting practical experiments.
